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Abstract
We present a detailed study of charged-current quasielastic (anti)neutrino scat-
tering cross sections on a 12C target obtained using a spectral function that
gives a scaling function in accordance with the electron scattering data. The
spectral function accounts for the nucleon-nucleon (NN) correlations, it has
a realistic energy dependence and natural orbitals (NO’s) from the Jastrow
correlation method are used in its construction. The results are compared
with those when NN correlations are not included, namely when harmonic-
oscillator single-particle wave functions are used instead of NO’s. A compari-
son of the results with recent experiments, as well as to results from the super-
scaling approach is done. The contribution of two-particle two-hole meson-
exchange currents on neutrino–nucleus interactions is also considered within
a fully relativistic Fermi gas. The results show a good agreement with the
experimental data.
1 Introduction
The study of charged-current mediated quasi-elastic (CCQE) neutrino-nucleus scattering in the GeV
region is a powerful tool for hadronic and nuclear studies. We note that although in the tradition of
neutrino experiments the term ‘elastic’, either charged-current elastic or neutral-current elastic is used for
neutrino scattering off free nucleons as well as on nucleons bound on nuclei, in this work we will refer to
the latter case with the more precise denomination of quasi-elastic (QE). Recently, the MiniBooNE [1,2]
collaboration has produced high-quality data, using a mostly carbon target, for a number of selected
channels, in particular, for the Quasi-Elastic (QE) one, that is, where no pions are detected in the final
state. The treatment of nuclear effects represents one of the main sources of systematic uncertainty in
the experimental determination of neutrino oscillation parameters. In particular, the CCQE MiniBooNE
results [1, 2] have stimulated many theoretical studies devoted to explaining the apparent discrepancies
between data and most theoretical predictions based on the impulse approximation (IA). Based on results
from different groups, the inclusion of effects beyond IA, such as multinucleon excitations, mainly two-
particle two-hole meson-exchange current (2p-2h MEC) contributions, has allowed one to explain these
data without including any effective parameter (such as the axial mass MA) [3–7].
The aim of the present paper is to continue our work from Ref. [8] using the results obtained in
Ref. [9] for a realistic spectral function S(p, E) instead of the phenomenological superscaling approxi-
mation (SuSA) approach. The spectral function from our previous work [8] will be applied to analysis
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of CCQE (anti)neutrino cross sections on a 12C target measured by the MiniBooNE [1, 2] experiment.
The new aspect of the present calculation concerns the treatment of 2p-2h excitations. In this work we
include the fully relativistic weak (with vector and axial components) charged meson-exchange currents,
in both longitudinal and transverse channels. These have been evaluated in [10–12] from an exact mi-
croscopic calculation, where the two-body current is the sum of seagull, pion-in-flight, pion-pole, and
∆-pole operators and the basis wave functions are noninteracting Dirac spinors.
2 General Formalism
2.1 Expression for the cross sections
The CC (anti)neutrino-nucleus inclusive cross section in the target laboratory frame can be written in the
form (see [13, 14] for details) [
d2σ
dΩdk′
]
χ
= σ0F2χ, (1)
where χ = + for neutrino-induced reactions (in the QE case, ν` + n → `− + p, where ` = e, µ, τ )
and χ = − for antineutrino-induced reactions (in the QE case, ν` + p → `+ + n). The function F2χ in
Eq. (1) depends on the nuclear structure and is presented as a generalized Rosenbluth decomposition [13]
containing leptonic kinematical factors, VK , and five nuclear response functions, RK , namely V V and
AA charge-charge (CC), charge-longitudinal (CL), longitudinal-longitudinal (LL) and transverse (T )
contributions, and V A transverse (T ′) contributions, where V (A) denotes vector(axial-vector) current
matrix elements. These are specific components of the nuclear tensor Wµν in the QE region and can be
expressed in terms of the superscaling function f(ψ) (see [13] for explicit expressions).
2.2 Models: HO+FSI, NO+FSI, and SuSAv2
In the MiniBooNE experiment the interaction of the neutrino occurs with nucleons bound in nuclei. The
analyses of such processes within different methods involve various effects such as nucleon-nucleon
(NN) correlations, the final state interactions (FSI), possible modifications of the nucleon properties in-
side the nuclear medium and others. These effects, however, cannot be presently accounted for in an un-
ambiguous and precise way, and what is very important, in most cases they are highly model-dependent.
A possible way to avoid the model-dependencies is to use the nuclear response to other leptonic probes,
such as electrons, under similar conditions to the neutrino experiments. The SuSA approach follows this
general trend. The analyses of superscaling phenomena observed in electron scattering on nuclei have
led to the use of the scaling function directly extracted from (e, e′) data to predict (anti)neutrino-nucleus
cross sections [13], just avoiding the usage of a particular nuclear structure model. A “superscaling func-
tion” f(ψ) has been extracted from the data by factoring out the single-nucleon content of the double-
differential cross section and plotting the remaining nuclear response versus a scaling variable ψ(q, ω)
(q and ω being the momentum transfer and transferred energy, respectively). For high enough values of
the momentum transfer (roughly q > 400 MeV/c) the explicit dependence of f(ψ) on q is very weak at
transferred energies below the quasielastic peak (scaling of the first kind). Scaling of second kind (i.e.
no dependence of f(ψ) on the mass number A) turns out to be excellent in the same region. The term
“superscaling” means the occurrence of both first and second types of scaling.
In this work we consider three different theoretical calculations. Two of them, denoted as HO
(harmonic oscillator) and NO (natural orbitals), make use of a spectral function S(p, E), p being the
momentum of the bound nucleon and E the excitation energy of the residual nucleus, coinciding with the
missing energy Em up to a constant offset [15]. The area of analyses of the scaling function, the spectral
function, and their connection (see, e.g., Refs. [9,16]) provides insight into the validity of the mean-field
approximation (MFA) and the role of the NN correlations, as well as into the effects of FSI. Though in
the MFA it is possible, in principle, to obtain the contributions of different shells to S(p, E) and n(p)
for each single-particle state, owing to the residual interactions the hole states are not eigenstates of the
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residual nucleus but are mixtures of several single-particle states. The latter leads to the spreading of the
shell structure and requires studies of the spectral function using theoretical methods going beyond the
MFA to describe successfully the relevant experiments. In Ref. [9] a realistic spectral function S(p, E)
has been constructed that is in agreement with the scaling function f(ψ) obtained from the (e, e′) data.
For this purpose effects beyond MFA have been considered. The procedure included (i) the account
for effects of a finite energy spread and (ii) the account for NN correlation effects considering single-
particle momentum distributions ni(p) [that are components of S(p, E)] beyond the MFA, such as those
related to the usage of natural orbitals (NO’s) [17] for the single-particle wave functions and occupation
numbers within methods in which short-range NN correlations are included. For the latter the Jastrow
correlation method [18] has been considered. Also, in Ref. [9] FSI were accounted for using complex
optical potential that has given a spectral function S(p, E), leading to asymmetric scaling function in
accordance with the experimental analysis, thus showing the essential role of the FSI in the description
of electron scattering reactions.
In Fig. 1 of Ref. [8] the results for the superscaling function f(ψ) within the HO+FSI and NO+FSI
models are presented. Accounting for FSI leads to a redistribution of the strength, with lower values of
the scaling function at the maximum and an asymmetric shape around the peak position, viz., when
ψ = 0. Also, we see that the asymmetry in the superscaling function gets larger by using the Lorentzian
function for the energy dependence of the spectral function than by using the Gaussian function [8, 9].
The two spectral function models, including FSI, clearly give a much more realistic representation of the
data than the relativistic Fermi gas.
The third model, SuSAv2, that is an improved version of the superscaling prescription, called
SuSAv2 [19], has been developed by incorporating relativistic mean field (RMF) effects [20–22] in the
longitudinal and transverse nuclear responses, as well as in the isovector and isoscalar channels. This
is of great interest in order to describe CC neutrino reactions that are purely isovector. Note that in this
approach the enhancement of the transverse nuclear response emerges naturally from the RMF theory as
a genuine relativistic effect.
The detailed description of the SuSAv2 model can be found in [7, 19, 23]. Here we just mention
that it has been validated against all existing (e, e′) data sets on 12C, yielding excellent agreement over
the full range of kinematics spanned by experiments, except for the very low energy and momentum
transfers, where all approaches based on impulse approximation (IA) are bound to fail. Furthermore, the
success of the model depends on the inclusion of effects associated with two-body electroweak currents,
which will be briefly discussed in the next Section.
2.3 2p-2h MEC contributions
Ingredients beyond the impulse approximation (IA), namely 2p-2h MEC effects, are essential in order to
explain the neutrino-nucleus cross sections of interest for neutrino oscillation experiments [4–7, 24, 25].
In particular, 2p-2h MEC effects produce an important contribution in the “dip” region between the
QE and ∆ peaks, giving rise to a significant enhancement of the impulse approximation responses in
the case of inclusive electron- and neutrino-nucleus scattering processes. In this work we make use of
the 2p-2h MEC model developed in [11], which is an extension to the weak sector of the seminal pa-
pers [26–28] for the electromagnetic case. The calculation is entirely based on the RFG model, and
it incorporates the explicit evaluation of the five response function involved in inclusive neutrino scat-
tering. The MEC model includes one-pion-exchange diagrams derived from the weak pion production
model of [29]. This is at variance with the various scaling approaches that are largely based on electron
scattering phenomenology, although also inspired in some cases by the RMF predictions.
Following previous works [7, 23, 30, 31], here we make use of a general parametrization of the
MEC responses that significantly reduces the computational time. Its functional form for the cases of
12C and 16O is given in [7, 23, 32], and its validity has been clearly substantiated by comparing its
predictions with the complete relativistic calculation.
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3 Analysis of results
In this section we show the predictions of the two spectral function approaches previously described,
HO and NO, both including FSI and 2p–2h MEC. We compare the results with data from MiniBooNE
experiment. The neutrino and antineutrino mean energies corresponding to MiniBooNE experiment
are around 0.8 and 0.7 GeV [1, 2]. Our study is restricted to the QE-like regime where the impulse
approximation in addition to the effects linked to the 2p-2h MEC play the major role. We follow closely
the general analysis presented in [7] for the case of the superscaling approach. Hence, for reference, we
compare our new theoretical predictions with the results corresponding to the SuSAv2-MEC model.
In Figs. 1 and 2 we show the double differential cross section averaged over the neutrino and
antineutrino energy flux against the kinetic energy of the final muon. The data are taken from the Mini-
BooNE Collaboration [1, 2]. We represent a large variety of kinematical situations where each panel
refers to results averaged over a particular muon angular bin.
We compare the data with the results obtained within the HO+FSI, NO+FSI, and SuSAv2 ap-
proaches, all of them including 2p–2h MEC, that are also presented separately. As already shown in [7],
notice the relevant role played by 2p-2h MEC contributions, of the order of ∼20-25% of the total re-
sponse at the maximum. In the neutrino case (Fig. 1) this relative strength is almost independent of the
scattering angle, except for the most forward bin, 0.9 < cos θµ < 1, where the MEC contribution is
∼15%; this angular bin, however, largely corresponds to very low excitation energies (ω < 50 MeV)
and in this case completely different modeling, appropriate for the near-threshold regime, should be
used. In the antineutrino case (Figs. 2) the 2p-2h relative strength gets larger for backward scattering
angles (cos θµ < −0.2). This is due to the fact that the antineutrino cross section involves a destructive
interference between the T and T ′ channels and is therefore more sensitive to nuclear effects.
Theoretical predictions including both the QE and the 2p-2h MEC contributions are in good accord
with the data in most of the kinematical situations explored. Only at scattering angles approaching 90◦
and above does one see a hint of a difference, although in these situations only a small number of data
points with large uncertainties exist.
With regard to the comparison between the different models, we observe that HO+FSI and NO+FSI
Fig. 1: (Color online) MiniBooNE flux-folded double differential cross section per target neutron for the νµ CCQE
process on 12C displayed versus the µ− kinetic energy Tµ for various bins of cos θµ obtained within the SuSAv2,
HO+FSI, and NO+FSI approaches including MEC. 2p–2h MEC results are also shown separately. The data are
from [1].
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Fig. 2: (Color online) As for Fig. 1, but now for the νµ CCQE process on 12C. The data are from [2].
provide almost identical responses in all kinematical situations for neutrinos and antineutrinos: the in-
clusive cross section is not sensitive to the details of the spectral function. Compared with SuSAv2,
some differences emerge whose magnitude depends on the scattering angle region explored. Whereas
the SuSAv2 prediction is slightly smaller than the SF+FSI one at very forward kinematics (very small
energy and momentum transfers), the reverse tends to occur as θµ gets larger. Notice that at the most
backward kinematics for neutrinos, the SuSAv2 results exceed by ∼15% those of the SF+FSI model at
the maximum. Similar comments also apply to antineutrinos (Fig. 2).
4 Conclusions
This work extends our previous studies of CCQE neutrino-nucleus scattering processes that are of interest
for (anti)neutrino oscillation experiments. Here we focus on models based on the use of two spectral
functions, one of them including NN short-range correlations through the Jastrow method and, for a
comparison, another without them. Effects of final-state interactions are also incorporated by using an
optical potential. These calculations, based on the impulse approximation, are complemented with the
contributions given by two-body weak MEC, giving rise to 2p-2h excitations. These new predictions
are compared with the systematic analysis presented in [7] based on the SuSAv2-MEC approach. We
find that the spectral function based models (HO+FSI, NO+FSI) lead to results that are very close to
the SuSAv2-MEC predictions. Only at the most forward and most backward angles do the differences
become larger, being at most of the order of ∼10% − 12%. This is in contrast with the contribution
ascribed to the 2p-2h MEC effects that can be even larger than ∼30% − 35% compared with the pure
QE responses. This proves without ambiguity the essential role played by 2p-2h MEC in providing a
successful description of (anti)neutrino-nucleus scattering data for different experiments and a very wide
range of kinematical situations.
An interesting outcome of the present study is that the results obtained with the NO spectral
function, which accounts for NN short-range Jastrow correlations, are very close to those obtained with
the uncorrelated HO spectral function, thus indicating that the role played by this type of correlations is
very minor for the observables analyzed in this study. The results in this work can be seen as a test of the
reliability of the present spectral function based models. They compare extremely well with the SuSAv2
approach, based on the phenomenology of electron scattering data, although they fail in reproducing
(anti)neutrino scattering data unless ingredients beyond the impulse approximation are incorporated.
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